Natural killer (NK) cells playa fundamental role in innate and early phases of adaptive immunity against viral infections, both in humans and in animal models. To date, NK cell deficiencies in patients with severe herpetic infections have been reported in single cases, and their role as predisposing factor is still controversial. Five children affected by herpetic encephalitis were consecutively admitted to the Anna Meyer Children's Hospital in Florence (Italy) between 2003 and 2005. We therefore investigated the presence of NK cell deficiencies in a consecutive series of children with herpetic encephalitis. Five healthy children were included in the study as controls. Differential WBC counts, main Ig and IgE class serum analysis, cytofluorimetric analysis of circulating T, Band NK cells were performed on our study population. Sequencing of a selected region of CD16A gene transcript was carried out in two patients. All patients resulted to be affected by deficiencies related to NK cells in respect to controls. One patient was also affected by lymphopenia, while no other significant deficits of immunity were detected in the study population. To date, this is the first survey that demonstrates isolated NK cell deficiencies in a cohort of consecutive patients affected by severe herpes simplex infections. These findings suggest a role for NK cell deficiencies as a predisposing factor for increased susceptibility and severe course of disease in these patients.
Viral encephalitis occurs as a result of viral infection of the brain parenchyma, usually accompanied by a meningitis, thereby producing a meningoencephalitis. Herpes simplex virus (HSY) is one of the most commonly identified causes of acute, sporadic viral encephalitis in the United States, and HSY encephalitis (HSE) is responsible for about 10% of all encephalitis cases, with a frequency of 2 cases per million persons per year (1). About 90% of HSE cases are caused by HSY-I, with the remaining 10% caused by HSY-2, usually in the newborn or in the immunocompromised host (2) . About onethird of cases results from the initial infection with the HSY, while the majority of cases are caused by reactivation of an earlier infection (1).
Classic natural killer (NK) cells play an important role in innate immunity against viral infections, herpetic ones in particular: their blood counts rise during viral infections (3), they are capable of protecting mice against HSY-I experimental infection (4) and NK-deficiencies have been described in single patients with recurrent/severe herpetic infections (5) .
According to the most widely-adopted classification (6) (7) , human NK deficiencies not associated with other immunodeficiency syndromes are identified as 'isolated NK cell deficiencies' and further divided into absolute (ANKD -Iack ofCD56+ cells, which comprehend both CD3-'classic' NK cells and CD3+ NKT cells), classic (CNKD -lack of 'classic' CD3-CD56+ NK cells) or functional (FNKD -presence of NK cells with functional deficiency, most typically of cytotoxicity).
To our knowledge, very few single case or single family reports dealing with isolated NK deficiencies have been described in medical literature, but no information is available on NK cell populations in cohorts of consecutive patients affected by conditions theoretically related to NK deficiencies.
We therefore investigated a small series of children affected by HSV infection with CNS involvement to evaluate clinical and epidemiologic importance of NK deficiencies as a predisposing factor for increased susceptibility and severe course of herpetic infections.
MATERIALS AND METHODS

Case Reports
Five IgM antibodies and encephalitis with selective temporal involvement on MRI, a typical finding of HSE (I). Blood samples were drawn on admittance; since two of the children were transferred from other hospitals, they had begun corticosteroid therapy prior to examination.
Five healthy children (mean age 52 months, range 15-75), who had undergone blood examinations prior to minor elective surgery, were included in the study as controls for NK cells. Informed consent was obtained from the parents of all the patients and healthy controls. Lymphocyte subsets were immunostained with appropriate monoclonal antibodies (moAb) (Becton Dickinson, Erembodegem, Belgium) and four-color analysis was carried out by flow-cytometry (FACSCalibur, San Jose, CA). Moreover, the mean fluorescence intensity (MFI) of CD 16 expression was analyzed on positive lymphocytes.
Immunoglobulin levels were measured by standard techniques and were compared with laboratory-specific reference values. Total IgE were measured by Unicap 250 system (Pharmacia, Uppsala, Sweden). HSV-l and HSV-2 real time-PCR was performed with Q-PCR Alert Kit (Nanogen Advanced Diagnostics, Turin, Italy). For CDl6A gene sequencing, total RNA was extracted from cells using RNeasy kit (Qiagen, Hilden Germany) and eDNA of each sample was synthesized using TaqMan Reverse Trascription Reagents (Applied Biosystems, Foster City, CA). All cDNAs were amplified with primers for CD16A (MWG Biotech AG, Ebersberg, Germany). PCR products were purified by QIAquick purification kit (Qiagen, Hilden, Germany) and sequence analysis was performed by automatic sequencer ABI 310 (Applied Biosystems, Foster City, CA).
RESULTS
WBe count andfiow-cytometric analysis ofT and B lymphocyte subpopulations
Differential WBC count showed that one patient (no. 4) was lymphopenic (7321ymhocytes/~I- Table  II ) with a significant numeric reduction, compared to age-adjusted normal values (8) , in T (both CD4+ and CD8+) and B subsets (Fig. 1, a and b ). Cases no. 1 and 2 had a reduction of CD3+ lymphocyte percentages, but absolute values oftotal lymphocytes and subsets were within range of normality (Fig. 1,  a and b) . The other children's WBC counts showed no abnormalities.
NK cell populations
In three cases (cases no. 3, 4 and 5) we found severe reduction of circulating classic NK cells (CD3-CD56+ or CD3-CD16+), if compared to normal values of age-matched healthy population (Fig. 2, a  and b ).
In the two remaining patients, 'classic' CD3-CD56+ NK cells were higher than normal values while, using the anti-CDl6 873 .1 monoclonal antibody, CD3-CDI6 + NK cells were dramatically decreased (case no. I) or recognized with a very low fluorescence intensity level (case no. 2). In this patient, the mean fluoresce intensity (MFI) of CD 16a positive cells was lower than 50% of the level measured in all the other patients or in controls (case no. 2: median MFI 4,963 arbitrary units as compared to control subjects median MFI 10,269 arbitrary units, range 9,747-10,579). In both those patients CD3-CDI6+ NK cells were present when a different anti-CD 16 moAb (3G8) was used.
The three children with NK cell reduction (cases no. 3, 4 and 5), resulted to be also affected by marked reduction of NKT-like cells (CD3+CD56+T lymphocytes - Fig. 2, a and b ), compared to healthy paediatric controls. In this study, we did not analyze NKT cell subtypes.
Molecula r study of CD 16A gene
In patients with different CD 16a recognition by the two anti-CDl6 moAbs (cases no. I and 2), the presence of a genetic mutation which could alter CDI6 binding by moAbs was suspected . cDNA sequence analysis of a selected region of CD I6A gene from peripheral leucocytes was therefore performed. It demonstrated the presence of a polymorphism in position 230 (Adenine instead of Thymine), in heterozygosis (patient no. I, genotype 230 T/A) and in homozygosis (case no. 2, genotype 230 AlA) (Fig. 3 
Fig. 2. Flow-cytometric analysis ofcirculating NK (CD3-CD56+and CD3 -CDI6+) and NKT-Iike cells (CD 3+CD5 6+ T lymphocytes) in absolute values (A) and in percentage of total lymphocytes (B) compared to mean values of pediatric controls. I I ( A ( A A T GAG G ( cA ( A T ( T ( A A G ( ( A G G (
Serum 19 classes
Analysis of serum major Ig classes showed only mild IgA reduction in one patient (case no.3), with normal values of IgG and IgM. All the other patients had normal age-adjusted values of the three major Ig classes. Analysis of serum total IgE was much higher than age-adjusted normal values in 3 patients (cases no. 2, 4 and 5) (Table II) .
DISCUSSION
Laboratory tests performed on our study population revealed, in each one of these five patients, alterations of one or more branches of immunity, possibly capable of determining increased susceptibility and severe course of HSV infection.
Study of humoral immunity did not show significant deficits of major Ig classes.
Analysis of circulating cells involved in cell-mediated immunity unveiled the most interesting data. One patient (case no. 4) had a severe lymphopenia, with marked decrease ofT (both CD4+ and CD8+) and NK cells, and milder reduction of B cells. This is of higher relevance if considered that circulating lymphocyte values usually rise during viral infections (3) . It is conceivable that these alterations involving innate and adaptive immunity closely correlate with the severe course of HSV infection in this patient. Two patients (cases no. 3 and 5) had severe reduction of circulating NK cell populations, with normal values of T and B cells. On this basis they can be considered similar to the patients affected by absolute NK cell deficiency (ANKD), according to the classification proposed by Orange (6) (7) . In our study population these cell deficiencies , though severe, were not "absolute" as in other case reports (5, 12) . It has to be noted, however, that these works found virtually no cells expressing NKassociated receptors , but functional assays revealed low, but present, NK activity, suggesting that NK cell deficiency was not absolute in these cases too (5, 12) . ANKD is correlated with increased HSV infection susceptibility (6) .
The possibility that NK cell reductions could be due to migration to infected tissues and sites of lesion has been considered. This hypothesis, however, is contrary to evidence that circulating NK cells rise during viral infections (5) and that NK cells are not selectively recruited in the site oflesion during HSE (13) .
In cases no. 4 and 5, corticosteroid therapy had been established prior to examinations, and pharmacological interferences have been taken into account. However, while lymphopenia in case no. 4 could be a consequence of corticosteroid therapy, it has been reported that glucocorticoids do not reduce the NK cell count in a considerable way (14) .
In the remaining two children, who had no numeric abnormalities of differential W8C count or lymphocyte subsets, a CDI6A gene polymorphism was found, in homozygosis (case no. 2) and in heterozygosis (case no. I), thus impairing 873.1 moAb binding, as previously reported (9) (10) (11) . It is noteworthy that these two patients presented the most severe disease course in the study group: they were both neonates and suffered HSV infection with encephalitis within the first month of life, they had the worst neurologic outcome with permanent major neurologic deficits, and one of them had disseminated infection (case no. I).
In case no. 2, CD 16a genotype was analogue to those of other people with functional NK deficiency (FNKD) due to CDI6 homozygotic polymorphism (6-7), previously described in literature (10) (11) and associated with increased HSV infection susceptibility. In the normal Caucasian population, it can be assumed that this homozygotic polymorphism should be present in with a frequency of approximately 6.4/1 ,000; such a finding in our cohort of just 5 patients suggests the strength of the association between this polymorphism and severe HSV infection susceptibility.
In case no. I we would have expected, on f1owcytometric assay, to find CD 16+ cells with reduced intensity of fluorescence when using 873.1 moAb instead of 3G8, as a result of half wild-type and half polymorphic CD 16 expression on NK cell membranes. In this patient instead we could not find membrane expression of wild type CD 16a, as virtually no cell resulted to be CD 16a positive when using 873.1 moAb. This phenotype is thereby analogue to that of case no. 2 and of patients with FNKD due to CD 16 homozygotic polymorphism (6) . One possible explanation would be the presence, in the CD 16A sequence ofthe 48L wild type allele of the same patient, of another polymorphism capable of preventing CD 16 expression on cell membranes; an example of such a polymorphism has been documented in a patient with polyneuropathy (15) . Further studies could not be performed on our patient because the parents refused consent.
CD 16a is a low-affinity receptor for Ig-gamma-Fc, expressed on NK cells and other lymphocyte subsets, and mediates antibody-dependent cell-mediated cytotoxicity (ADCC). Even if immunodeficiencies related to alterations of the CD 16a molecule have been known for years, functional mechanisms are not yet completely clear. This is because of the complex role that CDI6a carries out: it modulates NK cell activation by stimulation of cyotoxicity and cytokine secretion (16) , down-regulation of PIP3dependent activation pathways (17) , and induction of apoptosis in cytokine-activated NK cells (18) . In one of our experiments, NK cells from adult patients with CD 16a polymorphism 48 H/H activated via CD 16, went toward apoptotic cell death much more and much quicker than normal controls (unpublished data). Hypothesis that CDI6a, one of the major activating receptors on NK cells, could also terminate activation is intriguing. In patients affected by CD 16a polymorphism, this mechanism could be pathologically enhanced and could result in abnormal termination of immune response, thus determining increased susceptibility toward infections (18) . NK cytotoxicity functional assays were not performed on this study population.
Differential W8C count, lymphocyte subset characterization by flow-cytometry and major Ig class analysis were repeated at I year follow-up in two patients (cases no. 2 and 5 -data not shown) and the results were fully confirmed.
To date, this is the first survey on a cohort of consecutive patients that shows NK cell deficiencies in patients affected by herpetic encephalitis or disseminated neonatal infection.
Childhood HSE is associated with known immunodeficiencies due to autosomal recessive UNC-93B deficiency, which abolishes Toll-like receptor 3 (TLR3), TLR7, TLR8, and TLR9 signalling (19) , and autosomal dominant TLR3 deficiency, which specifically affects TLR3 signaling (20) . More recently, Casanova and co-workers (21) identified a patient with a heterozygous de novo Rl18W germline mutation in TRAF3, that leads to impairment of the TLR3-dependent induction of type I interferon (IFN) and IFN-lambda, resulting in predisposition to HSE. These works shed light on 3 different mechanisms of genetic susceptibility to HSE, but circulating levels of lymphocyte subpopulations were not reported. These genetic defects have not been investigated in our patients, but lack of type I IFNs could be responsible for the NK cell deficiencies observed in our study group. Our data show that numeric and/or functional deficiencies of NK cells were present in all our patients affected by severe herpetic infection with CNS involvement. In all but one of the children, NK cell deficiency was isolated, as other branches of immunity (T and B lymphocytes, humoral immunity) were working properly.
To date, this is the first survey on a cohort of consecutive patients that demonstrates NK cell deficiencies in patients affected by severe herpes simplex infections. Even if it has been carried out on a small study group, due to the rarity of the selected condition, our findings suggest a role for NK cell deficiencies in determining increased incidence and worse outcome of viral infections in humans, in agreement with previously published single reports. The link between known genetic deficiencies associated with HSE in childhood and NK cell reduction still needs to be addressed. Our findings are ofmuch greater importance if we consider that, even if the original report of an adolescent with severe herpetic infection and NK deficiency dates back to 1989 (5), NK cells are still rarely investigated in these conditions. Despite the lack of an actual therapeutic approach, being able to identify higher risk patients -through easily accessible tests-would allow avoiding voluntary exposure to infected contacts, prompt instauration of anti-viral therapies in case of infection and a higher degree of attention in those conditions in which risk of severe injury is elevated, such as pregnancy or concomitant use of immunosuppressive drugs.
